Abstract
INTRODUCTION
Acute Stanford type A aortic dissection is an absolute emergency with high mortality rates despite surgical therapy. There is still no consensus regarding the 'ideal' surgical therapy for the treatment of acute aortic dissection involving the aortic arch and the descending aorta (DeBakey type I). The elephant trunk technique, first introduced by Borst and colleagues, was expanded to include aortic dissections in selected cases [1] [2] [3] [4] . Later, a stent was used for the elephant trunk part of the procedure, resulting in the so-called frozen elephant trunk (FET) technique [5] . Indications for the FET technique were expanded to patients with acute aortic dissection DeBakey type I to favour false lumen thrombosis around the stent graft, because a patent false lumen had been identified as a risk factor for aortic dilatation and late operation [6] [7] [8] .
MATERIALS AND METHODS

Patients
The first FET implantation for acute aortic dissection (DeBakey type I) was performed at our centre in February 2004. Between February 2004 and April 2016, 94 consecutive patients with acute DeBakey type I aortic dissection underwent complete aortic arch replacement and FET implantation in the proximal descending aorta. Patient records were reviewed retrospectively. Clinical follow-up ended in April 2016 and was 100% complete. Preoperative demographic patient characteristics are shown in Table 1 .
Because of the long period of the study and the significant FET graft, as well as surgical management developments, the patient cohort was divided into two groups. The ethical committee of our institution gave approval for this retrospective study.
Group 1 (2004-10)
During this period, the FET technique was performed using the first prefabricated Chavan-Haverich hybrid graft [5, 9] and the Jotec E-vita Open graft. A total of 28 patients [men: n = 25 (89%); age: 60 ± 12 years] were operated on. Fifteen patients (54%) received the Chavan-Haverich and 13 patients (46%) received a Jotec E-vita Open graft. Thirty-two percent (9/28) of these patients underwent concomitant aortic valve-sparing root procedures.
Group 2 (2010-16)
During this period, the FET technique was performed in 66 AADA patients [men: n = 50 (76%), age: 56.4 ± 11.8 years] using the Thoraflex TM Hybrid graft during a CE certification trial (n = 16) and post-CE certification (n = 50) [10, 11] . During the first phase of the CE certification trial, only the hybrid graft without the delivery system was available.
Fifty-six percent (37/66) of these patients underwent concomitant aortic valve-sparing root procedures.
Surgical technique
Because of the long period covered by the study, the surgical techniques evolved significantly.
Group 1 (2004-10)
During the early period, the custom-made Chavan-Haverich (Curative GmbH, Dresden, Germany) hybrid graft was implanted in 15 AADA patients. We changed to the Jotec E-vita Open hybrid graft after it became available [7] . Supra-aortic vessels were reattached using the island technique. The aortic arch graft and ascending aortic or root graft were connected at the end of the procedure. Thirteen acute dissection patients received the E-vita Open graft. Together with Vascutek Terumo, we developed a novel four-branched FET hybrid graft [10] .
Group 2 (2010-16)
Since 2010, we have exclusively used branched aortic arch grafts for total aortic arch repair. This approach resulted in major technical changes, one of which is the 'arch last' approach. After completing cardiac and distal aortic arch repair, head vessels are anastomosed to the corresponding side branches of the graft at the end of the procedure. This approach allows for early cardiac and lower body reperfusion but increases selective antegrade cerebral perfusion times. The technique was recently described in detail [11] .
Since 2013, to improve cardiac protection, we added continuous, non-cardioplegic cardiac perfusion during aortic arch repair to our concept of total arch repair. The technique has since been termed 'beating-heart arch surgery'. In short, the cardiac procedures are completed before the desired hypothermic circulatory arrest (HCA) temperature is reached. Thereafter, the heart is continuously perfused throughout the subsequent aortic arch repair 15 (16) 5 (18) 10 (15) 0.76 Reoperation, n (%)
5 (5) 4 (14) 1 (2) 0.026 with cold blood from the main arterial circuit. Cardiac ischaemia can be reduced to a minimum. The technique and its protective potential have been described elsewhere [12] .
Aortic imaging
We obtain computed tomography angiograms (CTA) for the patients from the neck vessels to the iliac or femoral arteries preoperatively, before discharge and during the follow-up period, according to current guidelines. Assessment of aortic remodelling was performed as described recently [11] . Figure 1 shows a 3D reconstruction of a postoperative CTA scan of a patient who received FET treatment for repair of AADA.
Statistical analysis
Data were collected and analysed retrospectively. SPSS 23 (SPSS, Chicago, IL, USA) and GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA) were used to perform data analysis. Continuous parameters were tested for normal distribution (D'Agostino-Pearson omnibus normality test) and are given as median and interquartile ranges (25-75%) or mean and standard deviation, as appropriate. Categorical parameters are presented as absolute numbers and percentages. Differences of continuous variables were analysed with the Student's t-test or the nonparametric Mann-Whitney U-test, as appropriate. Dichotomous variables were compared using Fisher's exact test. The KaplanMeier survival estimate was used to analyse survival and freedom from aortic reoperation. Differences were considered significant at P < 0.05. All reported P-values are two-sided.
RESULTS
Perioperative results
The detailed pre-, intra-and postoperative data are given in Tables 1-3 .
Preoperative data showed features typical of AADA DeBakey I patients. The incidence of malperfusion was high in both groups (Group 1: 29%; Group 2: 38%). Neurological deficits and visceral malperfusion were more common in Group 2, although these differences did not reach statistical significance. Malperfusion syndrome was defined as vessel occlusions or high grade stenosis (>90%) shown by CT scanning or typical clinical features indicating local ischaemia. Intubated patients who could not be assessed clinically on arrival were not classified as malperfusion patients.
Intraoperative data showed marked differences in perfusion times due to the change in surgical techniques. Since establishment of the branched graft technique, head vessels were connected to the graft at the end of the procedure (arch last approach), significantly increasing selective antegrade cerebral perfusion times (P < 0.0001). On the other hand, the HCA times could be significantly reduced due to the perfusion sidearm used in Group 2 that allowed early reperfusion in contrast to the classical island technique. In addition to the branched graft technique, the beating-heart aortic arch surgery technique, described by our group [12] , has been used since 2013 and reduced cardiac ischaemia time in Group 2 significantly. Concomitant cardiac procedures were performed in a majority of patients in both groups (Group 1: 64%, Group 2: 73%). However, valve-sparing aortic root surgery was performed more frequently in Group 2 (32% vs 56%; P = 0.043).
Postoperative data showed comparable perioperative outcomes with similar incidences of typical complications after AADA, such as respiratory insufficiency (36% vs 27%, P = 0.48), rethoracotomy (21% vs 20%, P = 1.00) or need for dialysis (21% vs 17%, P = 0.57). Kidney function recovered in most patients (dialysis at discharge: 4% vs 3%, P = 1.00). Perioperative mortality was lower in Group 2 (21% vs 9%, P = 0.17).
Long-term follow-up confirmed a difference in perioperative mortality rates, whereas long-term mortality rates of hospital survivors were similar (Fig. 2) . The need for aortic reinterventions was comparable in both groups (Table 4) . Kaplan-Meier estimates did not show a significant difference (log-rank test; P = 0.83, not shown). The long-term rate of aortic reinterventions is shown in Fig. 3 . The majority of distal reinterventions was performed within the first 2-3 years after surgery. One patient needed aortic fenestration due to visceral malperfusion 2 days after aortic arch repair with the FET technique. He died 3 weeks later from multiorgan failure. One patient underwent descending aortic replacement due to infection of the FET stent graft 1.5 years after surgery for AADA. He had suffered from multiple skin infections and surgical interventions. Bacteria identified in skin lesions were later found on the FET graft. The patient died half a year later due to residual pleural cavity infection with multiresistant bacteria. One patient with Marfan syndrome suffered from contained rupture of his dissected downstream aorta 1 year after surgery. Endovascular therapy was not feasible due to a complex anatomical configuration. He underwent emergency thoracoabdominal repair but could not be saved. Three patients had to undergo infrarenal open surgical repair. Of the five patients who underwent endovascular treatment of the downstream aorta (all were elective follow-up operations), two received endovascular aneurysm repair and three received thoracic endovascular aortic repair for downstream size progression of the dissected aorta.
No patient had to be reoperated for aortic arch or aortic root diseases. No patient was reoperated after a follow-up of 5 years.
DISCUSSION
Most surgeons propose that the operation for AADA, which is a surgical emergency, should be kept as simple as possible. It is argued that even in DeBakey type I dissection, extending the aortic repair would increase the operative risk. If necessary, a reoperation is proposed for later in an elective setting. However, after a simple ascending aortic replacement, DeBakey type I survivors have a persistent distal aortic arch and descending aortic dissection. A significant proportion require another operation or die from aortic-associated causes.
To prevent this risk, several groups have proposed a total aortic arch replacement with an FET implantation to stabilize the dissecting membrane in the proximal descending aorta and seal the false lumen to prevent its dilatation [6] [7] [8] . This approach would possibly reduce subsequent downstream problems that often determine the patient's long-term lifeexpectancy. In patients with DeBakey type I acute dissection, performing a total aortic arch replacement with the FET technique for supposedly better long-term results is controversial. However, we showed in a previous publication that, even in 4 (4-6) 4 (3-6) 4 (4-6) 0.50 New-onset stroke, n (%)
14 (15) 3 (11) 11 (17) 0.54 Spinal cord injury, n (%)
5 (5) 2 (7) 3 (5) 0.63 Recurrent nerve palsy, n (%)
17 (18) 4 (14) 13 (20) 0.77 Dialysis, n (%)
17 (18) 6 (21) 11 (17) 0.57 Dialysis at discharge, n (%)
3 (3) 1 (4) 2 (3) 1.00 In-hospital mortality, n (%)
12 (13) 6 (21) 6 (9) 0.17 FFP: fresh frozen plasma; PC: platelet concentrates; PRBC: packed red blood cells. Table 4 : Secondary aortic operations
Group 2 (2010-16) n (%)
P-value
Secondary procedure on downstream aorta 11 (12) 4 (14) 7 (11) 0.73 Open surgical 6 (6) 2 (7) 4 (6) 1.00
) Secondary procedure <365 days 8 (9) 2 (7) 6 (9) 1.00 Secondary procedure >365 days 3 (3) 2 (7) 1 (2) EVAR: endovascular aortic repair; TAA: thoracic aortic aneurysm; TEVAR: thoracic endovascular aortic repair.
the setting of acute aortic dissection, a total aortic arch replacement with the FET technique can be performed with acceptable risks [8] .
As discussed previously, implantation techniques, as well as the grafts used for the FET approach, have undergone several modifications over the years. From our experience with three different FET hybrid prostheses over the last 10 years, the Thoraflex TM Hybrid graft incorporates the advantages of the FET technique together with those of the branched plexus graft for the aortic arch and the supra-aortic vessels [10, 13, 14] . As described in our previous work, implantation of the stented portion of the graft into the proximal descending aorta is technically simple and performed under direct surgical vision. Sewing a collar for the distal anastomosis further helps to simplify the FET implantation. Although use with a guidewire is possible and may be advised in special circumstances (e.g. significant kinking of the proximal descending aorta), we have stopped using guidewires on a routine basis for implantation of the Thoraflex TM Hybrid graft [11] . In acute dissections, retrograde positioning of the guidewire may be cumbersome, whereas identification of the true lumen from the aortic arch and deployment of the graft into the true lumen are usually easy to accomplish.
In our recently published paper [11] , the results of the first 100 patients who received the novel branched hybrid graft were excellent in postoperative CT scans. In AADA patients, the Thoraflex TM Hybrid graft implant resulted in an immediate increase of true lumen diameters in postoperative CTA in segment A, which further increased during follow-up. Thoraflex TM Hybrid graft implants also positively affected the diameters of the true lumens in segments B and C. Preoperatively, approximately 85% of AAD patients had a perfused false lumen in all three segments of the thoracoabdominal aorta. False lumen thrombosis or obliteration could be achieved with a Thoraflex TM Hybrid graft implant in >95% of patients in segment A, in approximately 60% in segment B and 40% in segment C [11] . Similar results have been published by others for the Jotec E-vita Open graft [15] .
Hence, treatment with the FET technique in patients with AADA has a significant positive remodelling effect not only on the stented segment but also on the downstream aorta. Nevertheless, the effect of the FET technique on the downstream aorta decreases with the distance from the stent graft (Fig. 1) [11] .
As a consequence, some patients developed downstream dilatation during the follow-up period despite having the FET treatment. However, the distal aortic arch or proximal descending aorta was never affected. Almost half (5/11) of the secondary procedures performed were on the infrarenal aorta. The two open reoperations on the thoracic aorta were either due to graft infection or due to thoraco-abdominal aortic rupture that did not lend itself to thoracic endovascular aortic repair.
In our view, AADA patients should only be treated with short FET grafts (e.g. Thoraflex TM Hybrid 100 mm) to reduce the risk of spinal cord injury. In addition, all AADA patients should undergo cerebrospinal fluid drainage as soon as possible after having the FET treatment. Ideally, a completion angiography would confirm the absence of malperfusion. Alternatively, a postoperative abdominal sonogram is advisable [11] .
In our view, the perioperative results of Group 2 are better than those of Group 1 for the following reasons:
1. Group 1 includes patients from the period of the initial learning curve. The results have improved as we gained experience.
The innovative Thoraflex
TM Hybrid graft with its unique features has simplified surgical procedures and improved visceral protection (early reperfusion) [11] . 3. The beating-heart aortic arch surgery has significantly improved myocardial protection [12] .
In mid-term follow-up, the results of all three types of the FET technique are similar [11, 13, 15] .
At our centre, in line with the current recommendation of the EACTS expert group [16] , all patients presenting with AADA DeBakey type I who meet at least one of the following criteria are treated with the FET technique by a surgical team experienced in performing the procedure [8]:
1. lower body malperfusion; 2. a re-entry or a tear in the distal aortic arch or proximal descending aorta; 3. clinically stable; 4. young patients (preferably <70 years).
CONCLUSION
Although total replacement of the ascending and aortic arch in patients with DeBakey type I acute aortic dissection demands high technical skills, the implantation of an FET in patients with AADA is helpful for the following reasons: 
